A simple ytterbium doped fiber laser (YDFL) setup was used to generate Q-switching pulses by using a D-shaped polished fiber as a wavelength selective filter. The gain medium used in the cavity was ytterbium doped fiber with length 70 cm. By utilizing a MoSe 2 film as saturable absorber into the cavity, a stable dual wavelength was produced at 1036.69 and 1039.22 nm. The wavelength separation of the output spectrum was 2.53 nm. We found a maximum pulse energy of 0.99 nJ and shortest pulse width of 1.2 µs. We have determined consistent dualwavelength Q-switching pulses for the 1-micron region.
Introduction
2D materials, such as graphene, have been known to have excellent electronic and optical characteristics. Owing to its unique properties such as ultrafast optical response and broadband saturable absorption [1, 2] , graphene has been a centre of attention for next generation photonics technology. Graphene's accomplishment and success in various fields [3] [4] [5] has opened up a research opportunity in other types of 2D materials. In a step toward a post-graphene era of 2D materials, a class of materials called transition metal dichalcogenides (TMDs) has been gaining significant interest lately as potential next-generation 2D materials.
Generally, TMDs belong to a class of materials with formula MX 2 , where M refers to a transition metal element, e.g. Molybdenum (Mo) or Tungsten (W), whereas X is from the chalcogen family (group VI element) such as Sulphur (S) or Selenium (Se). TMDs have quasi-2D layers, which are weakly bound together by van der Waals force. The layered structure consists of a plane of transition metal atoms covalently bonded with two planes of chalcogen atoms [6, 7] . In addition, TMDs have been found to exhibit good optoelectronic properties such as excellent dynamic ultrafast carriers, high optical nonlinearity, strong photoluminescence, easy trans ition from an indirect to direct band gap at visible and near-infrared wavelength and strong optical absorption [7, 8] . The direct bandgap of TMDs' semiconducting monolayer offers an added advantage over graphene for many optoelectronic applications [9] .
Moreover, the study of passively Q-switched ytterbium doped fiber laser (YDFL), operating in 1-micron region has generate a great deal of interest in pulse laser science due to its compactness and flexibility. Passive Q-switched YDFL offers a wide range of applications such as laser cutting and marking [10] , supercontinuum generation [11, 12] and nonlinear frequency conversion [13, 14] . Pulse lasers in the 1-micron range are known for their low cost deployment and flexibility of design [15, 16] . One effective technique to generate passive Q-switching is to use saturable absorber (SA) materials. In recent years, TMDs have been reported as nextgeneration SAs for the operation of Q-switching in 1, 1.5 and 2-micron wavelength regions. To date, most Q-switching with TMDs mat erials has been sulfide-based, such as tungsten disulfide (WS 2 ) and molybdenum disulfide (MoS 2 ) [17] [18] [19] [20] [21] , whereas only a few reports exist for selenide-based TMDs as Q-switching SA [6, 22] , which has been the interest of this paper.
In this paper, a few-layer Molybdenum Selenide (MoSe 2 ) SA, which is a selenide-based TMD, was used to generate passively dual-wavelength Q-switched YDFL. Q-switched pulses were obtained by utilizing a D-shaped polished fiber to generate a dual wavelength. The result showed stable spectra at 1036.69 and 1039.22 nm with wavelength spacing of 2.53 nm. Pulse repetition rates obtained from the setup ranged from 55.5 to 78.12 kHz. The results demonstrated that the MoSe 2 determined the saturable absorption of laser in dualwavelength YDFL Q-switching operation.
Fabrication and characterization of MoSe 2
The fabrication of MoSe 2 through liquid phase exfoliation (LPE) method started with preparation of the few-layer MoSe 2 . To exfoliate the TMD, N-methyl-2-Pyrrolidine (NMP) solvent was added to bulk powder with initial concentration (5 mg ml Figure 1(a) shows the x-ray diffraction (XRD) analysis of the exfoliated MoSe 2 and the purchased bulk MoSe 2 ; this was done using Bruker D8 Advanced equipment with the excitation wavelength of 1.5406 Å.
The peaks of the bulk MoSe 2 further confirm the rhombohedral structure of MoSe 2 by comparing with JCPDS no. 29-0914. The maxima of [0 0 2] peak showed by a few-layer MoSe 2 and the bulk MoSe 2 indicate a difference by the disappearance of some characteristic peaks. Further Raman characterization using a Renishaw inVia confocal Raman Microscope at an excitation wavelength (488 nm) with power of 3.5 mW. For measurement of Raman spectra, silica wafer was used, onto which a few-layer solution was drop casted. Figure 1 (b) shows Raman spectra of the few-layer and bulk MoSe 2 . The few-layer MoSe 2 shows a prominent Raman peak around 235 cm −1 with around 5 cm −1 peak shift as compared to the bulk specimen (240 cm −1 ). The exfoliation of few-layer MoSe 2 was confirmed by further shift of the peak. Then the supernatant obtained was diluted to 10 vol% and the characterization of the linear absorption was done using SPECORD 210-Plus UV-Vis Spectrophotometer. Figure 1 (c) shows the two absorption peaks were at ~697 nm and ~800 nm. These two bands correspond to the interband excitonic transitions at the K point, which indicates a pristine 2H poly type.
Then, a thin film was produced after the few layer MoSe 2 were processed. The solution was placed in a bath sonicator for 10 min. Afterward, 200 mg polyvinyl alcohol dissolved in 15 ml deionized water with concentration 10 mg ml −1 was mixed with 15 ml of few-layer MoSe 2 solution. The solution mixture (30 ml) was heated and stirred continuously, using a magnetic stirrer, at a constant temperature of 80 °C. This process takes around six hours to reduce the solution volume to Figure 2(a) shows a schematic of the erbium doped fiber laser (EDFL) system used to measure the saturable absorption property of MoSe 2 SA. These measurement systems consist of a pulse seed source (EDFL mode-locker), which in this case used carbon nanotubes (CNT) to generate femtosecond fiber laser (pulse duration of 0.51 ps and repetition rate of 27.6 MHz), 3 dB optical coupler, two optical power meters (OPM) and a variable optical attenuator (VOA). The mode locked EDFL generated by CNT consists of a Laser Diode (974 nm) with launch power of 29 mW, used to pump 3 m erbium doped fiber (EDF) via a 980/1550 nm wavelength division multiplexing (WDM) coupler. By ensuring a unidirectional propagation of light, an isolator was fusion spliced to the laser output from the EDF. The polarization state in this cavity is controlled by a polarization controller (PC) is subsequently connected the output of the isolator. CNT film, sandwiched between the fiber ferrules, is attached to the PC, then connected to a 90/10 optical coupler represented as OC1. The generated pulse signal is amplified by using a commercial Keopsys erbium doped fiber amplifier (EDFA) to saturate MoSe 2 samples for high peak power. By employing the VOA, the average output power can be amplified up to ~20 mW to adjust input power entering MoSe 2 sample. Figure 2(b) shows the saturable absorption behavior, well fitted by the following formula:
where Δα, I sat , α linear represent the modulation depth, saturable optical intensity and non saturation loss respectively. Saturable intensity and modulation depth of MoSe 2 were measured to be ~1.16 MW cm −2 and 38% respectively. By optimizing the MoSe 2 liquid phase exfoliation processing, modulation depth can be further developed [19] . as the gain medium to emit laser spectrum in the 1-micron region. A laser diode (974 nm) is used to pump the YDF through a WDM. Maximum pump level of the laser diode can be up to 600 mW at wavelength of 974 nm. To ensure the oscillation of the unidirectional light in the cavity, an optical isolator is placed after the YDF. The optical isolator is connected to a D-shaped polished fiber. The MoSe 2 film SA is incorporated into the cavity by sandwiching the film SA in between two fiber ferrules. The ring cavity is completed by looping the cavity using a 10 dB coupler. 90% of light remains in the oscillation cavity, whereas another 10% of the oscillating light is tapped out for further investigation. Output of the laser is further split by a 3 dB coupler and investigated with several optical instruments. An optical spectrum analyzer with 0.02 nm resolution is used to obtain the output spectrum. The pulse train is investigated using a photodetector with 1.2 GHz bandwidth and displayed with a 1 GHz oscilloscope (OSC). Figure 3(b) shows the amplified spontaneous emission (ASE) spectrum of the ring YDFL obtained from the optical spectrum analyzer with and without D-shaped polished fiber at 78.71 mW. In this experiment, the threshold of pump power in the YDF cavity is 50.81 mW. As shown in the figure, the blue line represents the ASE spectrum without the D-shaped polished fiber while the red line represents ASE spectrum with the D-shaped polished fiber. The red line comb-like interference spectrum occurs due to cladding mode interference at the D-shaped polished fiber region. The interference cladding modes (or higher order modes) is generated by the unguided fundamental modes after it reaches the cladding index of the polished region. Therefore, by exploiting the optical properties of the D-shaped fiber such as diameter and length of the polished region, the interference comb-like spectrum can be further exploited and manipulated.
Experimental setup

Experimental results
Figure 4(a) shows the output spectrum obtained from the optical spectrum analyzer. The centre wavelength peaks are located at 1036.69 and 1039.22 nm. Both centre wavelengths exhibit similar intensity at ~20.4 dBm. The wavelength separation of the output spectrum is 2.53 nm. When the pump power of 202.9 mW is fixed, the signal to noise ratios (SNR) of both peaks are obtained at 40 dB. Since the diameter of cladding in D-shaped polished fiber is reduced, it will change the guiding characteristics and enhance the evanescent field in the fiber. The refractive index of cladding is higher than the core. The light propagation behaviours are totally different even though the fiber is close to the fundamental modes. The fundamental mode is not guiding the light because of the cladding index in the D-shaped polished region. The mode interference will occur when the light is guided by the external environment due to the evanescent field effect and the boundary between core and cladding. The interference among these modes generates a dual wavelength spectrum when the pump power is increased. Correspondingly, figure 4(b) shows the output pulse train obtained from the oscilloscope trace with repetition rate of 69.44 kHz and pump power of 261.2 mW. The peak to peak pulse interval is measured to be around 14.4 µs. Figure 4(c) shows the pulse width measurement as obtained from OSC. The polarization of both wavelengths is orthogonal [23] , with the signal intensity of the beam whose polarization state is parallel to the flat surface of D-shaped polished fiber being slightly larger than that of the beam whose polarization state is perpendicular to that surface. By measuring single pulse from full half width maximum (FHWM), the obtained pulse width of 1.29 µs is determined. Figure 4(d) shows the radio frequency (RF) spectrum obtained from the RF spectrum analyzer at fixed pump power of 261.2 mW. Based on the inset picture, an SNR of 28 dB is obtained with a repetition rate of 69.44 kHz at a scanning resolution of 100 Hz. The SNR is low due to the mode beating and Q-switching operation.
Figures 5(a)-(c) show the output pulse train from Q-switching operation is maintained throughout the range of pump power from 202.9 to 283.4 mW. Passive Q-switching starts when it exceeds the threshold power of 202.9 mW. The result shows a consistency of output pulse train at pump powers of 202.9, 246.4 and 283.4 mW, with repetition rates of 55.55, 65.79 and 75.75 kHz respectively. As pump power increases, an increasing trend in pulse repetition rate is demonstrated, whereas pulse width shows a decreasing trend. The result obtained from the experiment agrees with the Q-switching principle. When the gain medium (YDF) accumulates stored energy and emits photons as it is pumped by a laser diode (980 nm), the absorber (MoSe 2 film) is in its saturated state until the intensity is enough to saturate the absorber. As the laser pump increases, gain starts to deplete while the absorber starts to absorb photons in high loss state. The gain is further depleted and starts to bleach the absorber. When the absorber is fully bleached, photons can easily penetrate the absorber and a giant pulse will be produced. After that, the absorber recovers more quickly than gain and becomes unbleached again until it reaches saturation state. Figure 6 (a) illustrates the relationship between pulse width and repetition rate with pump power. When pump power increases from 202.9 to 290.4 mW, repetition rate has also increased from 55.5 to 78.12 kHz. Thus, repetition rate of the output laser increases with increasing pump power, indicating additional gain is needed to saturate the absorber. When the threshold is reached, high pump power leads to a shorter time for the inversion number of the gain medium. In contrast, pulse width has reduced from 2.4 to 1.2 µs with increasing pump power. As pump power of 290.4 mW is reached, the lowest pulse width of 1.2 µs is achieved. The pulse width decreases due to compression of gain in the Q-switched operation. As higher energy is pumped, the time required to saturate the absorber becomes less. Figure 6 (b) shows the pulse energy and the average output power of a single pulse. Pulse energy and the average output power increased almost linearly with pump power is observed. The obtained pulse energy can be increased from 0.87 to 0.99 nJ when pump power increases from 202.9 to 290.4 mW. As pump power of 290.4 mW is reached, the maximum pulse energy of 0.99 nJ is achieved. Higher pulse energy could be enabled by further optimizing the cavity design to achieve a higher gain and reduce the cavity loss. The measured maximum average output power of 0.077 mW is obtained with pump power of 290.4 mW. Higher pump power and higher output coupler ratio could significantly enhance the output power and pulse energy performance. The relatively low output power is attributed to the use of the D-shaped polished fibre in the cavity. The D-shaped polished fibre used here is tailored for operation in the 1550 and 1310 nm regions, and as such induces high losses on a traversing signal in other regions, such as 1000 nm in this work. Using a D-shaped polished fibre optimized for operation in the 1000 nm region would reduce loses significantly, giving a higher powered output.
Conclusion
In this paper, dual-wavelength YDFL is demonstrated for the generation of Q-switching pulses using D-shaped polished fiber and MoSe 2 film as SA. Our result shows a consistent dualwavelength Q-switching operation is achieved at 1036.69 and 1039.22 nm. The maximum pulse energy of single Q-switching pulse of 0.99 nJ, pulse repetition rate from 55.5 to 78.12 kHz and shortest pulse width of 1.2 µs. The results indicate that D-shaped polished fiber acting as wavelength selective filter has a great deal to offer for both Q-switching and dual wavelength applications using a simple configuration.
